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ABSTRACT 
The ability to selectively diffuse impurities into silicon 
requires the use of a suitable masking material which, until now, 
has been silicon dioxide (Si02). Silicon nitride (Si3N4) is known 
to have good diffusion masking properties, but has not found wide- 
spread use as a diffusion mask. Very little quantitative data 
exist on the diffusion coefficients 1n SUN, of common silicon 
dopants such as boron and phosphorus. 
This work addresses that deficiency by determining the dif- 
fusion coefficient of phosphorus and boron in SigN* at 1200°C. 
Three different methods of introducing phosphorus and boron into 
SiJL were examined: ion implantation (phosphorus only), gaseous 
diffusion, and doped oxide deposition. The behavior of the dopant 
in the silicon, as determined by sheet resistance and junction 
depth measurements, was used to calculate the diffusion coeffi- 
cients 1n SigN^. The diffusion coefficients found depended upon 
the method of Introducing the Impurity into the S1JL. 
The ion implantation technique yielded an estimate of the 
maximum value of the elemental phosphorus diffusion coefficient in 
-17  2 S1-N- of 1.1 X 10  cm /sec. Incidental to this study, 1t was 
also found that the projected range of phosphorus 1n S1,N^ of a 
10 KeV Implant is considerably greater than predicted by theory. 
Gaseous POClg predepositlon diffusion rapidly converted SigN^ 
layers to phosphorus glass at a rate which depended on the start- 
ing S1gN4 thickness. In cases where unconverted Si,N^ remained 
after the predepositlon, the SioN, masked remarkably well. An 
estimate of the phosphorus diffusion coefficient yielded a maximum 
-18  2 
value of 4.6 X 10  cm /sec. Gaseous boron predeposition did not 
convert the S1,N, to a doped glass to the same extent as did the 
gaseous phosphorus predeposition. However, the SigN. showed 
limited boron masking ability during drive-in. The boron dif- 
-13 fusion coefficient in the SigN^ was calculated to be 2.3 X 10 
cm /sec. 
Silicon nitride displayed only limited masking ability against 
boron and phosphorus deposited doped oxide sources. The value of 
the phosphorus diffusion coefficient was calculated to be 2.3 X 
10  cm /sec; the value of the boron diffusion coefficient was 
calculated to be in the range of 2.2 X 10"15 cm2/sec to 2.1 X 10"14 
2 
cm /sec. The diffusion coefficients in SigN. were in the range of 
those for boron and phosphorus in SiOp. This result, plus the 
behavior during POClg predeposition, leads to the conclusion that 
the diffusion process of boron and phosphorus in SigN* from a 
doped oxide source is similar to the diffusion process in S102. 
INTRODUCTION 
A basic process in semiconductor device manufacture is the 
diffusion of impurities into selected regions of a material. This 
process is also one of the most important. The ability to selec- 
tively diffuse impurities into a semiconductor requires the avail- 
ability of a suitable masking material. This material must be 
impermeable to impurities, easy to grow or deposit, and easy to 
pattern. 
Since SiOg was first reported to impede impurity diffusion in 
1957; it has been the masking material most commonly used in the 
semiconductor industry. It is easy to grow, easy to etch, and it 
masks against diffusion of boron, phosphorus, arsenic, and antimony 
among other elements. However, it is not a good mask against gal- 
lium and sodium. In addition, long diffusion times require the use 
of relatively thick layers of Si02, even in the case of elements 
against which it masks, such as boron and phosphorus. For certain 
applications, it would be desirable to use a material with better 
masking properties than S10«. 
Per unit thickness, SigN, is a better masking material than 
S10p. Unlike SiOp, it masks against gal11urn and sodium as well as 
B, P, As and Sb. However, it has not found widespread use as a 
diffusion mask since it 1s not as easy to pattern as SiOg. The 
primary uses of S1-N- have been as a capacitor or Insulator mater- 
ial because of Its high dielectric constant,, and as a final pas- 
sivation layer because 1t impedes Na penetration. As a result, 
very little quantitative data exist on the diffusion coefficient 
in SlgN^ of common silicon dopants such as boron and phosphorus. 
The purpose of this work is to determine the diffusion co- 
efficient of phosphorus and boron in SlgN^. Three different meth- 
ods of Introducing phosphorus and boron Into SlgN, were examined: 
ion Implantation (phosphorus only), gaseous diffusion, and doped 
oxide deposition. 
Four point probe sheet resistance measurements and angle lap 
and stain junction depth measurements were used to determine the 
behavior of the dopant in the silicon. The diffusion coefficient 
in S1oN* was calculated from these measurements with the aid of 
techniques used by Sah et. al.  and others  '   for SKL. 
Ion implantation was the first method investigated because it 
was expected to yield a diffusion coefficient for elemental phos- 
phorus. A disagreement between theory and experiment for the pro- 
jected range of phosphorus in S1gN, of a 10 KeV implant led to the 
abandonment of this technique. However, an estimate of the maximum 
value of the elemental phosphorus diffusion coefficient in SigN^ 
yielded a value of 1.1 X 10"17 cm2/sec. 
Gaseous diffusion was the second method investigated. A phos- 
phorus oxychloride predeposition diffusion at 1000°C rapidly con- 
verted the SigN, layers to a phosphorus glass. The amount of S1gN. 
converted to glass was a function of the starting SiJL thickness. 
In the cases where unconverted SigN, remained after the predeposi- 
tion, the SigN, masked remarkably well against phosphorus diffusion 
during a 1200°C drive-in. An estimate of the phosphorus diffusion 
coefficient in SigN, for this case yielded a maximum value of 4.6 X 
10"18 cm2/sec. 
A gaseous boron predeposition diffusion did not convert the 
SigN^ to a doped glass as in the case of the gaseous phosphorus 
predeposition; the SigN4 showed a limited ability to completely 
mask the boron from the silicon. The diffusion coefficient in the 
-13  2 SigN4 was calculated to be 2.3 X 10  cm /sec. 
Silicon Nitride also displayed a limited masking ability 
against boron and phosphorus deposited doped oxide sources. It 
masked slightly better against boron than phosphorus. The diffu- 
sion process of boron and phosphorus in S1gN. from doped oxide 
sources appeared to be similar to the diffusion process 1n SiOg. 
The diffusion coefficients in SigN. were also in the range of those 
27 
reported  for SIOp. The value for phosphorus was calculated to 
be 2.3 X 10  cm /sec; the value for boron was calculated to be 
in the range of 2.2 X 10"15 to 2.1 X 10~14 cm2/sec. 
Before presenting the experimental procedure and the complete 
results, a brief review will be made of the existing information on 
boron and phosphorus diffusion 1n SiJL and of the theory involved 
in the determination of the diffusion coefficient. 
BACKGROUND 
Silicon Nitride as a Diffusion Mask Against Boron and Phosphorus 
The first reports of silicon nitride as a diffusion mask were 
2     3 
made by Doo and Hu in 1966. Doo reported masking against boron, 
phosphorus, arsenic, gallium and oxygen. He used a PgOg source 
for phosphorus and a BgO, source for boron in a predeposition 
(also referred to as a predep) and drive-in process. Both the pre- 
dep and drive steps were for relatively short times - less than 30 
minutes each. Hu also reported masking against phosphorus as well 
as gallium, oxygen and steam. He gave no Information about dif- 
fusion conditions other than that they were carried out at 1050°C 
for 40 minutes. 
4 
More reports on masking came in 1967 from Chu et. al. and Hu 
5 
and Gregor . Chu et. al. reported on boron and phosphorus. They 
used a BBr^ source for boron and found that silicon nitride masked 
against 1t. For phosphorus they used a phosphorus oxytrlchloride 
source and found that silicon nitride did not mask against It 
under certain conditions. The reaction product between the silicon 
nitride and phosphorus pentoxide dissolved readily 1n diluted 
hydrofluoric add. Hu and Gregor reported masking against phos- 
phorus as well as gallium and other elements; however, they only 
presented results for gallium. 
In 1968, Heumann et. al.  presented more detailed results 
than the previous works on the masking properties of silicon 
nitride. They used two different types of diffusions. One was a 
box diffusion with an N2 ambient using a phosphosilicate or boro- 
sllicate glass source; the other was a sealed tube containing the 
dopant material in an argon ambient. In the sealed tube case for 
0 o boron, films of 1000 A masked for 10 hours at 1250 C. Films 
0 o greater than 500 A thick masked for 30 hours at 1200 C. For the 
borosilicate glass box system, films of 500 A or more masked for 
5 hours at 1100°C. However, at 1200°C for 5 hours, the films 
failed as diffusion masks. They also dissolved at about 40 times 
the normal etch rate. In the sealed tube case for phosphorus, a 
1500 A film masked for 10 hours at 1100°C. A 1500 X film did not 
mask at 1200°C for 4 hours. For the phosphosilicate glass box 
o 0 
system, a 1000 A film did not mask for 1 hour at 1100 C. The 
resulting film etched rapidly in concentrated HF. The phosphorus 
results were very similar to those obtained earlier by Chu et. al. 
using a phosphorus oxytrichloride source. 
Franz and Langhelnrich reported on phosphorus diffusion 1n 
silicon nitride 1n 1969. They studied two cases: (1) Diffusion 
with a glass source in the absence of oxygen and (2) Diffusion 
with a PBr3 source in the presence of oxygen. For case (1), they 
found that the silicon nitride accepted phosphorus pentoxide in a 
8 
s 
manner"similar to silicon dioxide. For case (2), they found a 
phosphorus glass was formed from silicon nitride and It contained 
the same components; namely SiO« and POOR* which are produced in 
silicon dioxide films during P20K diffusion. Data was presented 
for the penetration depth of the glass into the silicon nitride 
as a function of temperature with the diffusion time as a constant. 
They hypothesized that the rate at which the phase boundary of the 
glass/S1gN4 moves toward the substrate might depend on the rate at 
which the reaction takes place between the Si^N, and PpOc as well 
as the diffusion rate of PgOg in glass. They concluded that S102 
and Si3N4 inhibited phosphorus diffusion in a similar manner and 
that the diffusion In the glass was the predominating factor. 
Franz and Langheinrich reported further results on phosphor- 
us diffusion in 1971. They primarily studied the diffusion of ele- 
o 
mental phosphorus in silicon, but also reported that 1000 A of 
silicon nitride masked against elemental phosphorus diffusion for 
2 hours at 1200°C. Also in 1971, Vaganova et. al.8 reported the 
first values for the diffusion coefficients of boron and phosphorus 
in silicon, nitirde. However, they gave very little information 
about their experimental method except that the source of the 
impurity was glass - either B-O- or P205« Tne values given for the 
diffusion coefficients at 1200°C were 2.5 X 10"16 cm2/sec for 
16  2 phosphorus and 1.3 X 10  cm /sec for boron. 
Additional values are given in Table I. 
TABLE I 
Diffusion 
T (°C) 
Coefficients of B and P 
Boron 
2 
D (cm /sec) 
in S13N4 8 
Phosphorus 
2 
D (cm /sec) 
1200 1.3 X 10"16 2.5 X 10"16 
1175 3.6 X 10"17 1.3 X 10"16 
1150 2.6 X 10"17 6.6 X 10"17 
1125 1.1 X 10"17 4.5 X 10"17 
1100 1.05 X 10"17 3.2 X 10'17 
The values in Table I are plotted in Figure 1. The lines were 
added by this author. One observes that the variation of the dif- 
fusion coefficient with temperature is different for the tempera- 
ture range above and below 1150°C. This might indicate a concen- 
tration dependence because Vaganova et. al. reported that the 
surface concentration of the impurities they used varied with the 
temperature; i.e., the surface concentration was greater for higher 
temperatures. 
The next report of phosphorus diffusion in silicon nitride was 
q o 
made in 1978 by Ito et. al.  They used very thin (less than 100 A) 
silicon nitride films grown by direct thermal reaction with nitrogen 
and a CVD phosphosillcate glass film as the phosphorus source. The 
10 
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diffusion temperature was 1000°C for times up to 120 minutes. 
Although they did not specifically determine a diffusion coeffi- 
cient, they did find that for the same mask film thickness and 
diffusion time, the surface concentration in silicon under an SiCL 
film was more than 4 orders of magnitude greater than that under a 
silicon nitride film. 
If the diffusion coefficient of phosphorus in Si02 at 1000°C 
is 1.0 X 10  cnr/sec  , then calculations based on the theory 
presented in Method I yield a diffusion coefficient in SI^N- of 
-17  2 1.4 X 10  cm /sec. This can be compared to an extapolation of 
-ift  ? 
the data in Fig. 1 which gives a value of 6.2 X 10  cm /sec at 
1000°C. 
The review of the literature on the diffusion of boron and 
phosphorus In silicon nitride revealed two points: (1) to this 
p 
author's knowledge, only one report of the value of the boron and 
phosphorus diffusion coefficients has been made in the literature 
and no details of the experimental conditions were given with this 
report, and (2) the diffusion process of boron and phosphorus in 
silicon nitride appears to be analogous to that in silicon dioxide 
if the source of the dopant 1s a glass. Because of this, one would 
expect that the same techniques used to study diffusion 1n silicon 
dioxide could be used to study diffusion in silicon nitride. One 
would also expect the determination of the diffusion coefficient to 
12 
be very concentration and ambient dependent. 
Theory - Calculation of Diffusion Coefficient 
Since it was expected that the results for Si3N4 would be 
analogous to those obtained with S102, the literature was examined 
for work which had been done with SiCL. The earliest reports on 
12 13 
oxide masking were from Sah et. al.  and Allen et. al.  They 
used a vapor source of phosphorus as the dopant. The diffusion 
conditions were set to maintain a constant surface concentration 
at the SiOo surface. The silicon beneath the oxide was used as a 
detector of whether or not the impurity had penetrated the oxide. 
Mathematical models were proposed which allowed them to use the 
junction depth and sheet resistance in the silicon to calculate 
the phosphorus diffusion coefficient in the SiO*. Method I below 
presents the details behind this type of approach. 
An alternate approach is to introduce the impurity in an ele- 
mental as opposed to glass form. This eliminates the complications 
due to the interaction of the glass with the Si02 or SiJL. One 
method of accomplishing this is to ion implant the impurity. How- 
ever, 1on implantation introduces a fixed quantity of impurity, Q, 
and requires the use of a different mathematical model. The theory 
behind this approach 1s given in Method II below. 
13 
Method I - Constant Surface Concentration 
12 Sah et. al.  was the first to apply to phosphorus in Si02 the 
mathematical model for the diffusion of an impurity through two 
different layers, each with its own diffusion coefficient. They 
assumed the surface concentration of the impurity CQ was held con- 
stant during the diffusion. This corresponded to a predepositlon 
type diffusion. Figure 2 illustrates their model. They obtained 
a general expression for the concentration in the silicon by solv- 
ing Fick's diffusion equation with the appropriate initial and 
boundary conditions. The solution is: 
oo 
Z„    (2n+l)xn + rx 
ocn erfc ==£=   (1) 
n=0 2 ft* 
C2 
where m = -~—    = Segregation Coefficient (la) Ll 
1^1 
r = r-fr— = Diff. Coeff. in Oxide  (lb) n—     - UITT i TT u  
I D2      Diff. Coeff. in Si 
a= (m-r)/(m+r) (lc) 
Two cases are of interest in using the above equation to 
determine the diffusion coefficient in region 1. The first case 
1s the silicon surface concentration C2(0,t): 
V~    n    C2n+l)x„ 
C2C0,t) = mCl-oOC-  >   ocn erfc ==£=     (2) 
«
2
 /V 
14 
CONSTANT SURFACE CONCENTRATION MODEL 
Figure 2 
15 
F^- 
The second case is at the junction in the silicon where x=x. and 
C2(x-j,t) = CB' the back9round doping concentration in the silicon: 
oo 
? (2n+l) xn + rxj 
CR = m(l-cx) Cn Z_   ex    erfc £=r      (3) B o __„ „ ^7 n=0 2 yb,t 
Expressions (2) and (3) can be simplified if 
   >  0.7 (4) 
xo 
2iV 
in expression (2) and if 
xQ > rXj (5) 
in expression (3). In these cases, only the first .term of the 
infinite series is significant. 
Work by others on the diffusion coefficient in Si02 generally 
started with the Sah et. al. equation and worked it into a form 
which would yield the diffusion coefficient in Si02 from the para- 
meters that were known or could easily be measured. Typically, 
CQ at the oxide surface and Dp, the diffusion coefficient of the 
impurity in the silicon, are assumed known. Then the junction 
depth and sheet resistance in the silicon are measured as a function 
of the diffusion time and temperature and the oxide thickness. 
h 
16 
Let us examine equation (3) further. First, rewrite it for 
the case where equations (4) and (5) hold and only the first term 
of the expression is significant: 
(6) 
Since the left hand side of equation (6) is constant, it fol- 
lows that 
xQ + rXj 
— K     =   Constant (7) 
CB 
=   erfc 
xo + rxj 
m(l-cx) CQ 2   fij 
2
 /¥ 
Solving equation (7) for the junction depth in silicon yields 
x. 
/ 
Xj - (2K /D^ ) ■' yt   - -f— (8) 
Note that equation (8) has the form 
y = mx + b (9) 
where  y = x. 
x » t 
m ■ slope = 2K J D2 
b = intercept = - xo 
If equation (6) is valid, then equation (7) implies that for a 
constant x a plot of x- versus/~Fis a straight line and that at 
time t=0, to be physically meaningful, the line should extrapolate 
17 
to a negative value of junction depth x. since both xQ and r have 
positive values. 
We can determine the diffusion coefficient D, in the masking 
material from either the slope or the intercept of x. versus ft. 
Equation (8) can be re-written in terms of D, as 
xo    [h 
(slope) ft     -     x. (10) 
We measure the slope to determine a value for K. The diffusion 
coefficient D„ in silicon is assumed known along with x and t. The 
value of x- is measured. Thus equation (10) can be solved for D, 
for any values of x. and t. We can use the intercept of x- to solve 
J J 
for Dj by substituting t=0 into equation (8). 
The result is 
-x,. 
r = (11) 
Knowing r, we can determine D, from equation (lb) by using 
known values for D2- 
We can find another way to determine r (and hence D,) by 
examining equation (7) again. If we hold t constant in this 
relation, then 
x + rx. = A = Constant (12) 
18 
A plot of the junction depth x. versus the nitride thickness 
x should be a straight line. Equation (12) can be rewritten 
xj= (.-—F~ V xo + "f- (13) 
Comparing (13) to equation (9) for a straight line, we see 
that the slope is equal to —p- . We also see that the masking 
nitride thickness for a given time t can be found by extrapolating 
(13) to x. = 0. 
Equations (8) and (13) give us two different ways to determine 
r, and from r we can determine D, through (lb). However, D, is very 
13 
sensitive to small changes in r. Allen et. al.  used r to deter- 
mine D, in a different manner which eliminated this sensitivity. 
They considered equation (6) for the case m=l and a "just masking" 
condition such that x-=0. Equation (6) then becomes 
J 
XM 
We can determine D. from (14) by rewriting it 
D    = - 
4tM 
1 
1 
arg2 [erfc -2T— 
CBl 
Co_ 
(15) 
where the superscript M refers to masking. Although the value of r 
19 
depends on D. itself, D,, as calculated from equation (15), is 
relatively insensitive to r. 
14 Barry and Olofsen  have extended the type of analysis pre- 
sented in this section to the case of Si0« masking of doped oxide 
sources by considering the doped oxide as a semi-infinite source. 
They presented other methods of determining D. by manipulating 
equation (3) and comparing results of diffusions with a masking 
oxide to diffusions in bare silicon. Of interest here is an ex- 
pression using the junction depth differences to determine D, 
xB [i£ 
Dl = (xj>N " (xj>B 
2 
(16) 
The subscript "B" refers to wafers with a masking material (SiCL or 
SiJ^L) and the subscript "N" refers to a bare silicon wafer. 
A final expression which will be needed in the experimental 
work presented here is that for the diffusion of an impurity 1n 
silicon "from a constant surface concentration. The solution des- 
20 
cribing this situation  is the complementary error function 
C(x,t) = C. erfc -*-=, (17) 
s
       2 / Dt 
METHOD II - Constant Dose Q 
The previous analysis requires that CQ at the oxide surface be 
known. The assumption normally made is that C of the oxide is the 
same as the surface concentration which would be obtained on an un- 
20 
masked silicon wafer under the same conditions. 
An alternate experimental technique is to ion implant a shallow 
layer of the impurity. This technique eliminates the need to deter- 
mine the surface concentration and also eliminates the complications 
due to interaction of the glass with the SioN-. This approach would 
yield an elemental diffusion coefficient. A drawback to this tech- 
nique is that the diffusion equations have not been solved for media 
with two different diffusion coefficients with a given initial impur- 
ity distribution. 
A formal solution of this problem is beyond the scope of this 
paper; however, a first order solution can be obtained simply by 
assuming (1) that a Gaussian diffusion profile exists in the SigN, 
and the silicon, and is unaffected by the other layer and (2) that 
the segregation coefficient m is one at the silicon nitride - sili- 
con interface. If the constant surface concentration case (Method I) 
can be used as an analogy, then the error resulting from assumption 
(1) should not be greater than a factor of 2. No data is available 
on the segregation coefficient of phosphorus in SO,; assuming m 
equal to one is felt to be a good first order approximation. 
The equation describing the concentration distribution in the 
Si3N4 after drive-in is 20 
21 
C^x.t) -   Q       e 4"xt        (18) 
This equation also applies to the case where the implanted Si-N. is 
"capped" with another Si-N. layer. (See Figure 3) Equation (18) 
then becomes 
C,(x,t) =   Q       e j^*      (19) 
2]rrD,t      ™1' 
If we know Q and C, for a given x and t, then we can calculate 
D. in the nitride from equation (18) or (19). In practice, Q is 
accurately known from the ion implant dose. It is convenient to 
measure C, at the SigN^-Si interface, where x is the starting SigN^ 
thickness minus the projected range x of the implant. The depth 
of the implant is assumed known from Lindhard, Scharff, Schiott 
15 (LSS) theory.   If m=l, C, is the surface concentration of the 
silicon. C, can be determined from sheet resistance and junction . 
21 depth measurements by assuming a Gaussian profile in the silicon. 
22 
CONSTANT DOSE Q MODEL 
Surface Original 
Interface 
Figure 3 
23 
EXPERIMENTAL PROCEDURE 
Three different sources of Impurities were used in this work: 
ion implantation, gaseous diffusion and doped oxide deposition. 
Ion Implantation 
Silicon nitride films were deposited in a Low Pressure Chemical 
Vapor Deposition (LPCVD) reactor. The silicon substrates were (100) 
15   3 P-type, boron doped in the 1.3-1.9 X 10  cm  range. The gas flows 
during silicon nitride deposition were adjusted to give an ammonia 
to dichlorosilane ratio of 3:1. The temperature was 773°C ± 20°C. 
The pressure was in the range of 350-500 millitorr. The deposition 
times were from 12 to 30 minutes. An ellipsometer was used to 
measure the refractive index and thickness of the SiJY.. The 
refractive indices ranged from 1.96 to 2.05. Three different 
Xo       o 
, 900 A and 1300 A. 
The samples were implanted with phosphorus at an energy of 10 
KeV to a dose of either 5 X 1014 cm'2 or 1 X 1015 cm"2. A low value 
of implant energy was chosen to minimize the phosphorus penetration 
into the Si-N, and to more closely approximate a predeposition dif- 
fusion step where the impurity 1s concentrated in a thin layer at 
15 the surface. According to range statistics of LSS theory , the 
o 
projected range of P at 10 KeV is 84 A, and the projected standard 
o 
deviation 1s 37 A. The theoretical calculated profile is shown in 
15-2 Figure 4 for a dose of 1 X 10  cm . Note from this figure that if 
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PHOSPHORUS IMPLANTATION PROFILE IN Si3N4 
Energy:  10 KeV 
Dose:      1 X  1015    cm'2 
0 
the SI0N4 film 1s 500 A thick and the background concentration 1n 
15  -3 the silicon 1s 1.5 X 10  cm , then the tail of the phosphorus 
0 
implant is at least 200 A away from the silicon. 
After ion Implantation, some of the samples were capped with 
0 
1500 A of SijN* prior to drive-in. The capping layer was deposited 
in a LPCVD reactor at 773°C for 35 minutes. The use of a Si3N4 cap 
eliminated any possible complications due to the ambient/SUN, 
interface. The phosphorus was expected to diffuse symmetrically 
Into the SigN^ on either side of it during drive-in. 
All samples were driven-in at 1200°C 1n a 100% N2 ambient. 
Drive-in times ranged from 2 to 36 hours. After drive-in, the S1JL 
films were removed in HF acid. Four point probe sheet resistance 
measurements were used to indicate whether or not the dopant had 
penetrated through the nitride Into the silicon. Angle lap and 
stain measurements were used to determine junction penetration 
depths Into the silicon. A brief discussion of the measurement 
techniques can be found in the Appendix. 
Gaseous Diffusion 
Phosphorus - Silicon nitride films were deposited on. (Ill) 
silicon wafers 1n a LPCVD reactor. The substrates were P-type, 
15  -3 boron doped in the range 1.2-2.4 X 10  cm . The use of different 
substrate crystal orientations ( (100) or (111) ) in these studies 
was not expected to make a difference in the results. 
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The gas flows for the Si-N, deposition were adjusted to give 
an ammonia to dichlorosilane ratio of 3:1. The pressure was 375 
mllitorr. The temperature of deposition was 800°C. The tempera- 
ture and pressure were slightly different than the previous case 
because a different LPCVD reactor was used. The differences were 
not expected to influence the results since the most important 
parameter - the NH« to SiHClg ratio - was the same in both reactors. 
The deposition times varied from 12-50 minutes. The refractive 
indices ranged from 1.93-2.00. The starting thicknesses ranged 
from 470 A to 2280 X. 
The samples were predeposited with phosphorus for 5 min. at 
1000°C. The source was phosphorus oxychlorlde. The gas flows were 
200 cc/min. 02, 3000 cc/min. N2, and 150 cc/m1n. N2 to the P0C13 in 
the bubbler. The furnace was ramped from 850°C to the predeposl- 
tion temperature of 1000°C in approximately 20 min. and back down 
to 850°C after the deposition cycle in 30 min. Furnace ramping 
during predeposition and drive-in minimizes the introduction of 
stress into the silicon and the SigN^ from the use of either high 
temperatures or high dopant concentrations. Without ramping, there 
is a chance that the wafers might warp or suffer structural defects 
in either the SigN. or the silicon which could influence the dif- 
fusion properties. 
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Ramping during predep does not Influence the determination of 
the diffusion coefficient. Gaseous diffusions involving phosphorus 
and oxygen normally result in a doped SiCL glass layer on the sub- 
strate. If the substrate is masked with undoped SiO« or S13N,, 
then the diffusion depth of the dopant in the masking material 1s 
defined by the amount of undoped Si02 or Si"3N^ converted to doped 
glass. Thus the diffusion of the dopant during the predep step 1s 
accounted for by selectively etching off the doped glass after pre- 
dep and measuring the remaining undoped SigN- thickness. 
o 
The predep cycle deposited approximately 420 A of phosphorus 
o 
glass (n=1.6) on the Si^ samples and 530 A of phosphorus glass 
(n=1.41) on a bare silicon sample. The glass was etched off half 
of the silicon sample and this sample was driven-in for 1 hour at 
1200°C in 100% N2 at a flow of 6000 cc/minute. The sheet resistance 
in the unetched half was 0.44A/D with a junction depth of 16 
fringes of Na light - 4.72/xm.    Using data from Fair , this yielded 
21  -3 
a surface concentration in silicon of approximately 2 X 10  cm . 
After the Si3N^ samples were predeposlted with phosphorus, one 
half of each wafer was etched in 15:1 H20:HF for 30 sec. to remove 
the phosphorus glass. Note that Si3N, etches at a rate of approxl- 
o 
mately 10 A/min. in 15:1; phosphorus doped S10« etches at a rate on 
o 
the order of 20,000 A/m1nute. The thickness of the Si3N^ was re- 
measured on the etched side prior to dr1ve-1n. This procedure 
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revealed that on samples with a starting Si,NA thickness less than 
500 A, all the Si^ was converted to glass and removed by the etch. 
The samples with Si^N^ remaining after predep were driven-in at 
1200°C in a 100% N2 ambient for times ranging from 1 to 80 hours. 
After drive-in, the SigN^ films were removed in HF acid and four 
point probe sheet resistance measurements were used to determine 
whether or not the phosphorus penetrated through the SiJL into the 
silicon. 
Boron - SigN^ films were deposited on N-type (100) silicon 
substrates doped with arsenic in the 3.6 to 7.2 X 10  atoms/cm 
range. The SijN^ deposition conditions were the same as those used 
for the phosphorus diffusion. The refractive indices were typically 
o 
1.90-1.91. The films were approximately 500 A thick. A refractive 
index of 1.90 could indicate the presence of oxygen; however, when 
remeasured before drive-in, the index was 1.97. A measurement 
problem was suspected with the 1.90-1.91 values. 
The samples were diffused with boron at 1080°C. A planar boron 
diffusion source was used. It 1s a glass-ceramic made from B«0g 
and other oxides. This material 1s commercially available from 
TM Owens-Illinois as BORON +  . The gas flows during the diffusion 
were 100 cc/min. 02 and 2000 cc/min. Ng. The furnace was ramped 
from 850°C to 1080°C, held at temperature for 5 minutes, and 
ramped back down to 850°C. The diffusion during the boron predep 
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cycle was accounted for in the same manner as previously described 
for the phosphorus predep. 
After the boron diffusion step, half of each wafer was etched 
1n 15:1 H«0:HF to remove any glass that formed during the diffusion. 
The thickness of the SigN, on the etched side was remeasured prior 
to dr1ve-in. The samples were driven-in at 1200°C 1n a 100% N« 
ambient from 30 m1n. to 18 hours. The drive-in furnace was ramped 
from 850°C to 1200°C and back down to 850°C at the rate of approxi- 
mately 10°C per minute. The equivalent Dt product for the ramp 
cycle was 9.2 m1n. at 1200°C. The 9.2 min. was added to the dif- 
fusion time at 1200°C for all gaseous boron diffusion results. 
After drive-in, the films were removed In Buffered Hydrofluoric 
(BHF) acid. Four point probe and angle lap and stain measurements 
were used to detect the presence of boron 1n the silicon. 
Doped Oxide 
The S1gN, layers were deposited under the same conditions as 
in the gaseous diffusion experiments. Three thickness ranges were 
used - 300 A, 500 A and 900 A. The refractive indices ranged from 
1.89 to 2.01. P type (111) substrates, boron doped in the range 
9.6 X 10  to 1.4 X 1015 atoms/cm3 were used for the phosphorus 
doped oxide. N-type (100) substrates, arsenic doped in the 3.6 to 
5.5 X 10  atoms/cm range were used for the boron doped oxide, 
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The Chemical Vapor Deposition (CVD) phospho-silicate glass film 
was deposited by the oxidation of silane and phosphine at a tempera- 
o ° ture of 420 C. This process deposited approximately 5500 A of phos- 
o 
phorus doped oxide. A capping undoped oxide approximately 7400 A 
thick was deposited under similar conditions immediately after the 
doped oxide. An Si0« cap was used rather than a SioN, cap because 
the Si0« cap could be deposited immediately after the doped oxide 
deposition. This prevented any possible deterioration of the doped 
film from exposure to moisture in the atmosphere. It was assumed 
that the use of the Si02 cap would not influence the results, pro- 
vided that thin SigN^ layers were used and that the doped oxide was 
thick enough to prevent a source limiting loss of the phosphorus 
through diffusion into the capping oxide. This assumption appears 
to be valid because the results show there was enough phosphorus 
available to penetrate through the Si*3N4 into the silicon during all 
the dr1ve-1n times. 
The CVD borosilicate glass films were deposited by the oxida- 
tion of silane and diborane at a temperature of 420°C. Approxl- 
o 
mately 3100 A of doped oxide was deposited. This was capped immedi- 
o 
ately with approximately 8200 A of undoped oxide, deposited under 
similar conditions. An oxide cap was used rather than a SigN, cap 
for the same reason stated above. 
One half of each wafer was etched in 15:1 H«0:HF prior to 
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drive-in to insure that the SigN, thickness did not change during 
the doped oxide deposition. Drive-In was at 1200°C in a 100% N2 
ambient for times up to 18 hours. All the drive-ins for both 
phosphorus and boron were ramped to and from 1200°C at the rate of 
approximately 10°C per minute. The equivalent Dt product for the 
ramp cycle was 9.2 minutes at 1200°C for both boron and phosphorus. 
The 9.2 min. was added to the diffusion time at 1200°C for all 
doped oxide calculations and graphs. 
After drive-in, the films were removed in buffered HF acid 
(BHF). Four point probe and angle lap and stain measurements were 
used to detect the presence of any dopant in the silicon. 
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RESULTS 
Ion Implantation 
o      o 
The phosphorus did not penetrate any of the 900 A or 1300 A 
Si3N4 films up to a 36 hour diffusion time at 1200°C. However, all 
the 500 A films were penetrated, even with a 2 hour diffusion time. 
Table II contains the data. 
The phosphorus diffusion coefficient in S1,N- was calculated 
from equation (19) for the 500 A Si3N4 films. Values for Cj, the 
silicon surface concentration, were calculated from the junction 
depths and sheet resistances in Table II by assuming a Gaussian 
21 profile in the silicon . The value of x used in (19) was the 
SigN^ thickness minus the projected range of the implant. The 
-17  2 
calculated diffusion coefficients varied from 8.7 X 10  cm /sec 
-18  2 
at 2 hours to 4.1 X 10  cm /sec at 36 hours. These results were 
inconsistent. The values decreased monotonically with increasing 
diffusion time whereas the calculated values should have been 
independent of diffusion time. 
Another inconsistent result was the failure of the phosphorus 
o 
to penetrate the 900 A film, even at a drive-In time of 36 hours. 
o 
If a 500 A film was penetrated in 2 hours, one can show with the 
o 
use of equation (19) that a 900 A film should have been penetrated 
In at least 8 hours. The results presented thus far suggested a 
problem with the experimental procedure. 
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A plot of x., the junction depth in silicon, versus JTfor the 
15-2 ° 1 X 10  cm  phosphorus dose - 500 A, capped samples - is shown in 
Figure 5. Extrapolating a graph of this type back to time zero 
should result in a negative value of junction depth. The uncer- 
tainty of Figure 5 extrapolating back through a negative value of 
junction depth raised suspicion that the phosphorus penetrated the 
SigN^ during the implant. A check of the silicon in an as-implanted 
o 
500 A SigN^ sample confirmed that the phosphorus was Implanted into 
the silicon prior to drive-in. The check was made by removing the 
SigN^ from an implanted sample, capping the silicon with a new 
SigN^ layer (deposited at 800°C for 12 min.), heating the sample at 
1150°C for 50 min., and testing the silicon surface for the presence 
of  phosphorus. The silicon sample checked in this manner had an 
n-type surface layer with a depth of 0.8 m and a sheet resistance 
of 3760/l/n . This result disagreed with the theoretical pro- 
jected range and standard deviation based on LSS theory. 
Because of the uncertainty of the position of the phosphorus 
in the SigN4, the implanted experimental approach was not pursued 
any further. However, one can make an estimate of the maximum 
value of D nos at 1200°C by assuming (1) that the projected range 
o o 
is 84 A (as given by LSS) in the 900 A thick Si3N4 sample and (2) 
that the phosphorus just penetrated the Si3N. and its concentration 
at the interface was equal to the silicon background concentration. 
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Then by using equation (19) from Method II, we can calculate that 
the maximum value the diffusion coefficient could have at 1200°C is 
-17  2 
approximately 1.1 X 10  cm /sec. 
Gaseous Diffusion 
Phosphorus - The first result checked was the effect of the 
phosphorus predeposition on the Si0N«. Etching the phosphorus glass 
off half the wafer and rechecking the SioN- thickness revealed that 
the Si-N, thickness decreased during the predeposition. See Table III 
for the data. Also, the thinner the original SigN, thickness, the 
greater the amount of Si,N, that was "consumed" by the phosphorus 
^ * o 
predep. In fact, for starting thicknesses of 500 A or less, all the 
SigN* was consumed during the predep. Note that in Table III the 
thickness of two of the samples increased after predep; a measure- 
ment problem was suspected with these samples. Figure 6 is a plot 
of SigN4 thickness after predep minus starting SigN4 thickness 
versus starting SigN^ thickness. Each point on the plot represents 
an average value for starting thicknesses within + 16 A of it. 
To determine whether it was the oxygen ambient during ramp up 
or the phosphorus during the actual 5 min. predep that was respon- 
o 
sible for the thickness change, a 500 A sample was run through the 
predep cycle, but the POClg bubbler was turned off. The results are 
given in Table IV. The fact that the SiJL thickness did not change 
appreciably indicates that the formation of the phosphorus glass 
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TABLE III 
P0C13 Phosphorus Predep Results 
Starting S 
*3N4 
Thick. (A) n 
471 1.94 
668 1.97 
2282 1.97 
484 1.93 
1012 2.00 
988 2.00 
471 1.93 
732 1.97 
831 1.98 
1098 1.98 
736 1.97 
835 1.98 
837 1.98 
739 1.97 
714 1.98 
747 1.97 
S13N4 After 
Thick. (A) 
Predep 
n 
Si^N- Etch Time 
(Sec.) 
0 - 5 
454 1.91 30 
2160 1.89 10 
0 - 30 
1044 1.96 30 
1021 1.98 10 
0 - 30 
576 1.95 30 
623 1.96 30 
979 1.98 30 
576 1.95 30 
647 1.96 30 
687 1.97 30 
559 1.94 30 
560 1.95 30 
574 1.95 30 
38 
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was responsible for the thickness changes on the other samples. 
TABLE IV 
Effect of Oxygen Ambient on SigN^ Thickness 
Thickness (A) Index of Ref. 
Starting 723 1.97 
After Ramp Up & Down 715 - 
After Etch 
(30 sec 15:1 H20:HF) 
697 1.97 
The samples chosen for drive-in had starting thicknesses from 
oo o 
714 A to 1098 A and thickness before drive-in of 531 to 979 A. The 
samples were driven-in for as much as 80 hours at 1200°C in 100% N2, 
but the phosphorus did not penetrate any of the samples. Although 
the phosphorus did not penetrate any of the samples, an estimate of 
the maximum value of the diffusion coefficient^an be made by 
assuming that in the sample dr1ven-in for 80 hours, the phosphorus 
had just penetrated the SigN, and its concentration was just equal 
to the background doping of the silicon at the Interface. If we 
start with equation (2) and consider that only the first term of the 
expression is significant and that m=l, we end up with the 
expression 
C2(0,t) =      x     C  erfc  £=r—    (20) 
Substituting in (20) the silicon background concentration of 
1.5 X 1015 cm"3, a value12 of 2.6 X 10"12 cm2/sec for D2> Si3N4 
40 
0
 21  -1 thickness of 560 A, and CQ at the Si'3N4 surface of 2 X 10  cm , 
-18  2 
we obtain 4.2 X 10  cm /sec as the maximum value of the diffusion 
coefficient of phosphorus in Si3N4 at 1200°C. 
Boron - The gaseous boron diffusion did not rapidly convert the 
SigN, to glass as in the case of the gaseous phosphorus diffusion. 
This can be seen from the thickness data in Table V. The S1JY, thick- 
o J f 
ness decreased an average of 37 A after boron predeposition and 
etch. The boron penetrated the Si"3N4 during all the diffusions. The 
junction depths in the silicon as a function of [t~ are shown in 
Figure 7. Extrapolation of the line back to time zero indicates that 
o 
a 500 A film would only mask for 16 seconds at 1200 C. 
No silicon controls were run during the predep step since this 
experiment was conducted primarily to determine whether the S1-N* 
was affected by a gaseous boron diffusion in the same manner as a 
gaseous phosphorus diffusion. However, estimates of the diffusion 
doefficient can be made by applying equations (lb), (10), and (11) 
to the data in Figure 7. 
Extrapolating Figure 7 back to time t=0, we get a value for r 
-1?  2 
of 0.33 through equation (11). Using a value of 2.3 X 10  cm /sec 
for D2, the diffusion coefficient of boron in silicon25 at 1200°C, 
-13  2 
equation (lb) yields a value for D, of 2.5 X 10  cm /sec. Calcu- 
lating the slope in Figure 7 and solving equation (10) for t=30 min. 
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-13  2 
and t*18 hrs. yields an average value for D, of 2.1 X 10  cm /sec. 
Hence, the diffusion coefficient of boron in SigN, is nearly the same 
as 1n S102. 
Doped Oxide 
Phosphorus - The results for phosphorus from a doped oxide source 
are presented in Tables VI, VII, and VIII. As can be seen from the 
data, very  little of the SigN, was converted to glass during the 
deposition step. However, during the drive-in at 1200°C, the phos- 
phorus penetrated all thicknesses of SigN, for all diffusion times 
studied. 
A plot of the junction depth versus ft   is shown in Figure 8. 
Only the times up to 4 hours are shown in this plot. These samples 
had the doped oxide deposited in the same run and had the same 
starting surface concentration. The 8 and 18 hour samples were done 
in different deposition runs and had different starting surface con- 
centrations. They would not be expected to plot consistent with the 
other samples. Figure 8 shows that the 500 A and 900 A samples dis- 
play linear behavior, but only for drive-in times less than 1 hour. 
Extrapolation of the 900 A line back toward time zero indicates a 
complete masking ability for 100 sec. at 1200°C. Extrapolation of 
o 
the 500 A Hne indicates a complete masking ability for 4 sec. at 
1200°C. 
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Even though the phosphorus penetrated the SigN, for all the 
samples, the SigN^ limited the amount of impurity reaching the 
silicon. Figures 9 and 10 illustrate this behavior. Shown in 
Fig. 9 is the junction depth in silicon versus the SigN^ thickness 
for the furnace ramp cycle only (zero time at 1200°C). Figure 10 
shows the sheet conductance (equal to the inverse of the sheet 
resistance) of phosphorus in the silicon versus the J"t. The sheet 
conductance decreases with increasing S1gN. thickness for a given 
time. The silicon showed a several order of magnitude reduction in 
o 
sheet conductance for the 900 A SigN^ films driven-in less than 1 
hour. Fig. 10 shows some linearity in the sheet conductance values 
for times less than 1 hour which agrees with Figure 8. 
o 
The high values of sheet resistance for the 900 A films were 
not as reproducible as the lower sheets. Diffusion in a non- 
oxidizing ambient makes both a glass source and SigN, more difficult 
to remove by chemical etching. It's possible that all the masking 
material was not etched from the surface in the case of an almost 
masking diffusion. 
The phosphorus surface concentration in the bare silicon sam- 
ples was used to estimate the surface concentration at the SigN^ 
surface. - Sheet resistance and junction depth measurements were used 
with data from Fair  to determine a surface concentration of 5.1 X 
20      3 10  atoms/cm for the samples used in less than 8 hour drive-Ins, 
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X 
I 
1.6 
20       3 
and a surface concentration of 2.3 X 10  atoms/cm for the samples 
used for 8 and 18 hour dr1ve-1ns. 
We can use Figures 8 and 9 along with equations (10), (11), 
(13) and (15) to make estimates of the diffusion coefficient of 
phosphorus in S1gN4. If we extrapolate the 900 A line in Figure 8 
-2 back to time t=0, we get a value for r of 7.68 X 10  through 
equation (11). Using Figure 9 and equation (13), we obtain a value 
for r of 3.7.X 10 . Equation (15) applies to the "just masking" 
condition. From Figure 8, the 900 A films "just mask" for 100 sec- 
15       3 
onds. Substituting these values plus 1 X 10  atoms/cm for Cn, 
20       3 
and 5.1 X 10  atoms/cm for C 1n equation (15), we can use the 
-14  2 
values for r to determine D,; r from Fig. 9 gives 2.4 X 10  cm / 
sec for Dj. 
Another estimate of d,  can be made from equation (10) with the 
o 
aid of Figure 8. Calculating the slope of the 900 A line allows us 
to use values of junction depth for drive-in times up to 60 min. in 
(10) to determine values for Dj. Making the proper substitutions 
along with a value for D2 of 2.6 X 10"12 cm2/sec in equation (10) 
-14  2 gives an average value for D, of 1.1 X 10  cm /sec. This is a 
factor of 2 lower than the values determined above by the "r" 
method. 
Boron - Table IX has a summary of the results for boron from a 
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doped oxide source. As 1n the case of phosphorus doped oxide, very, 
little of the SigN^ was converted to glass during the deposition 
step. During the drive-in though, the boron penetrated all samples 
for all times greater than 15 minutes. 
The junction depths in silicon versus ft" are shown in Figure 
11. Only times up to 8 hours are shown in this plot because these 
20 
samples had the same boron surface concentration of 3.2 X 10 
3 
atoms/cm . This concentration was determined on silicon controls 
using sheet resistance and junction depth measurements and data 
21 from Irvin . 
The silicon junction depths in the SigN, samples show consider- 
able scatter. The depths in the bare silicon controls show a linear 
relationship which is characteristic of an error function complement 
type diffusion described by equation (17). It is evident from a 
comparison of the junction depths in bare silicon versus those with 
a SigN^ mask that while the SiJL did not prevent the boron from 
reaching the silicon, it did limit the amount getting into the 
silicon. This can also be seen by inspecting the sheet resistance 
data in Table IX. The sheet resistances in the SiJ»L sampTes^are 
in the kilohm range while those in the bare silicon are less than 
10 ohms/n . The sheet conductances for the silicon controls.are 
plotted in Figure 12 where a linear relationship is observed. 
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I 
The values.for the SigN^ samples were not plotted because the 
reproducibility of the high sheet resistances was not nearly as good 
as the values below 10 ohm/D . The factors affecting the reproduci- 
bility were discussed in the phosphorus doped oxide section. One 
additional factor which applies to this case is that it is inher- 
ently difficult to provide ohmic contacts to p-type silicon. 
The scatter and limited number of data points in Figure 11 pre- 
vents the straightforward use of the calculations as were applied to 
the phosphorus doped oxide case. However, by changing the format of 
the data, an order of magnitude estimate can be obtained for the 
diffusion coefficient. The results of the format change are shown 
in Figure 13 where the junction depth is plotted versus the SiJJ^ 
thickness, both normalized by the [t.    The two outlying points were 
not included 1n the analysis to determine the tine of best fit. The 
o 
300 A point was considered to be an anomalous masking failure for 
that diffusion time because its sheet resistance was 2 orders of 
magnitude less than samples diffused for the same amount of time or 
o 
longer. The 500 A point could be attributed to the difficulty and 
uncertainty involved in angle lapping and staining shallow junction 
depths. 
The slope of the line in Figure 13 is equal to —£- . This 
can be shown for the case m=l by rearranging equation (6) into the 
form 
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xj    = _ _i 5L 
IT r   It 
+   2^b~arg 
o 
(21) 
By comparing equation (21) with equation (8), one observes that the 
intercept of the x. axis in equation (21) and the slope in equation 
w 
(8) are the same. From the slope in Figure 13, we find that r is 
0.1. The magnitude of the intercept is 2.92 X 10"6. Using this 
-12  2 intercept value as the slope in equation (10) and 2.3 X 10  cm / 
sec as the value for D«, we find the average value of D. for the 
500 A films is 2.1 X 10  cm /sec. We can obtain another estimate 
for Dj from equation (15) if we determine the time for the "just 
masking" condition of a 500 A film. This can be done by solving (8) 
for t when x-=0 and using the values for r and the slope determined 
above. The "just masking" time is 315 seconds. Solving (15) for 
-15  2 Dj gives a value of 2.2 X 10  cm /sec. This is an order of 
magnitude less than the value found from the slope. The possible 
causes for the discrepancy in the values of D, will be addressed in 
the discussion of results. 
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DISCUSSION OF RESULTS 
The results for phosphorus and boron are summarised 1n Tables 
X and XI respectively. Factors affecting the results will be dis- 
cussed in detail in this section 1n the following order: 1on 
implantation; gaseous diffusion; and doped oxide diffusion. 
Ion implantation was the first method tried because it was 
expected that it would be the "cleanest" approach. It would have 
eliminated any possible interferences from glass/SUN, interactions 
which could occur with other diffusion sources, and the quantity of 
Impurity introduced into the SigN^ would be accurately known. 
o 
The penetration of the as-implanted phosphorus through 500 A 
of SlgN^ was totally unexpected and disagreed with LSS calculations. 
There are two possible reasons why this could have occurred. 
The first is that the projected range of phosphorus In S1JL 
1s greater than that predicted by LSS calculations. Although this 
author is not aware of any experimental data on phosphorus Implants 
17 18 1n SigN,, there are two references *  on the projected range of 
gallium 1n SlgfL. in both cases the measured projected range was 
found to be greater than the theoretical range by a factor of 1.4 
to 1.8. If the same difference applied to phosphorus, then we might 
o 
expect a projected range of 134 A in SigN^ versus the theoretical 
o 
of 84 A. However, this difference, even coupled with an increase in 
the projected standard deviation, would not account for the pene- 
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0 
tratlon of a 500 A film. 
The second possibility is that the as-1mplanted profile has an 
19 
exponential tall. It has been reported  that the concentration 
profile of phosphorus in silicon is composed of a high concentration 
region with Gaussian form and an exponential tail. It's possible 
that an exponential tail also exists in SigN,. The effect of the 
tall is that some of the implanted impurity penetrates deeper into 
the SigN, than would be expected from theoretical calculations. Even 
1f the results from ref. 19 are applied to SigN., it alone is not 
o 
enough to account for the penetration of a 500 A film. It appears 
then that the most likely explanation for the penetration of the 
o 
500 A SigfL film is the combination of a larger projected range and 
projected standard deviation than expected along with an exponential 
tail on the implanted profile. 
The amount of as-implanted phosphorus penetrating Into the 
silicon during diffusion 1s very small. Assuming a Gaussian profile 
after dr1ve-1n, the amount can be determined by using the measured 
junction depth and calculating Q from equation (18). Note that when 
equation.(18) is applied to this situation, C^ becomes Cg, the back- 
ground concentration 1n the silicon, x is the silicon junction   r 
depth, and D is the diffusion coefficient of phosphorus in silicon. 
ii      p 
Values of Q ranging from 5.2 X 10  atoms/cnr for 2 hours to 1.9 X 
12       2 10  atoms/cm for 36 hours are obtained from this method. These 
63 
values Indicate that the amount of phosphorus in the silicon is 
Increasing slowly with time, with the additional phosphorus coming 
out of the S13N4. 
Some interesting observations can be made on the significance 
of the ion Implant data in Figure 5. This data is replotted in 
Figure 14 where Its shape can be compared to theoretical junction 
depth calculations of a Gaussian distribution in plain silicon with 
12       2 
a Q of 1.9 X 10  atoms/cm. Two points can be made about these 
curves. 
The first is the similarity of their shapes, particularly the 
decrease in the value of the junction depth with longer drive-in 
time. This is characteristic of a small amount of impurity being 
dispersed throughout a relatively large medium. Ultimately Its 
concentration drops below that of the background - in this case the 
substrate concentration. 
The second point to be made is that the small amount of phos- 
phorus going into the silicon from the S13N4 makes a significant 
difference in the measured junction depths. If we use the minimum 
calculated value of Q to theoretically fit the measured curve, we 
cannot obtain positive values of junction depth for times greater 
than 4 hours. The value of Q must increase with time to explain 
the measured results; the increase 1n Q in the silicon 1s due to 
the phosphorus from the SloN*. 
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The results obtained on the predeposition of phosphorus by a 
gaseous diffusion are similar to those reported in the literature; 
the drive-in results are not. The conversion of some SiJi.  to phos- 
phorus glass for all samples during the phosphorus predep is con- 
sistent with the results of Franz and Langheinrich . The amount of 
Si0N^ converted, though, differed. This was most noticeable in the 
o 
samples with starting thicknesses less than 500 A, where all the 
Si'3N4 etched off immediately in 15:1 HuOrHF after the 5 min. predep. 
o o 
For thicknesses greater than 600 A, approximately 100-20C A of Si^N. 
was removed. 
Franz and Langheinrich used samples wnose starting Si3N« thick- 
o n 
nesses were approximately 2000 A or greater. For a 10 min. 1000 C 
o 
PBr3 diffusion, they found that approximately 320 A of SUN. was con- 
o 
verted to glass. This investigation found that a 2282 A film had 
o 
approximately 120 A converted to glass in a 5 min. POClg diffusion. 
The conversion of the Si3N\ to a glass during the phosphorus dif- 
fusion cycle is attributed to a reaction with PpOj- rather than a 
reaction with the oxygen of the gas atmosphere. This was demon- 
strated in the experiment where the P0C13 bubbler was turned off 
o 
during the diffusion cycle and approximately 26 A of SiJl.  was 
removed after etching. This is also consistent with the results 
given in references 6 and 9 on the dry oxidation rate of Si-X, films, 
On the samples where SigN* remained before the drive-in step, 
66 
the Si3N4 proved to be an excellent diffusion mask under the experi- 
mental conditions used. This was surprising in view of the relative 
ease at which the SijN, was converted to phosphorus glass in the 
predep step. This also seemed to contradict earlier findings * * 
with phosphorus glass as well as the results found here for depos- 
ited doped oxides because it was expected that the conversion pro- 
cess of SigN^ to phosphorus glass would continue during the drive-in. 
There are a number of possible explanations for the difference 
1n behavior between predep and drive-in. One is that the drive-in 
ambient did not contain any oxygen. This does not appear to be the 
significant factor since the predep ambient was only 6% 0« and 
Heuman, et. al.  reported diffusion of phosphorus through SigN, in 
a 100% nitrogen ambient. Another possibility is that the uncapped 
phosphorus glass reacted in a different manner with the SigN4 than 
in the predep case or the deposited doped S102 case. 
A last possibility 1s that the diffusion through the Si«N4 
was source limited during drive-1n by the amount of phosphorus 
available. One factor contributing to a source limitation might be 
o 
the 400-500 A thickness of the starting phosphorus glass which was 
a factor of 10 less than the thickness of the deposited doped S10«. 
Another factor might be the effect on the glass of a delonized (DI) 
water rinse after the 15:1 H«0:HF etch. The DI water rinse may have 
Introduced a serious effect since phosphorus glass 1s very hydro- 
67 \ 
phllic. However, the same treatment was given to the silicon control 
as to the SiJ^ wafers and the phosphorus glass still contributed 
a significant amount of dopant to the silicon during drive-in even 
though it had a DI water rinse. 
The real reason for the masking behavior of the SiJL during 
drive-in cannot be determined without further experimentation. Two 
experiments which would eliminate some of the possible explanations 
would be (1) eliminate the 15:1 HgOrHF etch andisiibsequent DI water 
rinse prior to drive-in and (2) after P0C1, predep, immediately cap 
the phosphorus glass with an undoped SiCL layer as in the deposited 
doped oxide case. 
The boron gaseous diffusion behaved quite differently than the 
gaseous phosphorus diffusion. Qualitatively, the results were 
similar to those of the boron doped oxide. The junction depths in 
o 
the silicon for the 500 A films during gaseous boron diffusion were 
o 
nearly the same as the 500 A results for the doped oxide. A linear 
relationship between the junction depth and |t~ as predicted by 
theory was observed. 
The magnitude of the calculated diffusion coefficient, however, 
is suspect. The analysis used to derive it is only valid If equa- 
tion (5) is true; 1. e., xQ 1s greater than or equal to rx-. Using 
the measured value of r of 0.33 and the minimum junction depth of 
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0 
1/im, we find that (5) is not satisfied for 500 A films. 
The value of D. determined here 1s also questioned because it 
1s at least an order of magnitude greater than the value determined 
for boron doped oxide sources. One would expect similar diffusion 
coefficients for the two sources since the silicon junction depths 
are similar for a given diffusion time. The value of r is suscep- 
tible to significant errors for this case because the y intercept is 
very close to zero and small changes 1n the slope will result in 
large percentage changes in the value of r. This could result in 
large errors in D,, since D. is sensitive to the value of r. However, 
the value of D. calculated from the slope agrees with the value of 
r. No explanation can be offered for the behavior of D, calculated 
from the slope. 
For thicker samples and short diffusion times, the diffusion 
of phosphorus in SlgN^ from a doped oxide source seemed to agree 
with the theory presented 1n Method I. A linear relationship be- 
tween the junction depth in silicon and ft   as predicted by theory 
o 
was observed for the 500 and 900 A samples for diffusion times 
less than 1 hour. 
An observation can be made on the data in figure 10. Notice 
that the slope of the sheet conductance versus ft   changes for 
diffusion times greater than 30 minutes. Barry and Olofsen1 in 
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their work on boron doped oxide as a diffusion source for silicon 
also Observed a change in the slope of the sheet conductance for a 
diffusion with a high silicon surface concentration. They speculated 
that the change was due to a slight decrease in the silicon surface 
concentration with time. Their junction depth data were linear 
with Jt~ unlike the data in figure 9 which also shows a slope 
change for drive-in times greater than 30 minutes. The diffusion 
mechanism responsible for the slope changes is not known. 
The value of the diffusion coefficient of phosphorus in SigN* 
reported in Table X 1s the average of the two values determined 
from equation (15). This value does not depend on the value of D« 
in silicon; the value of D1 calculated from equation (10) is sen- 
sitive to the value of D„ chosen. 
Table X reports values for the diffusion coefficient of phos- 
phorus 1n silicon as determined from sheet resistance and junction 
depth measurements on the silicon controls by assuming a complemen- 
tary error function diffusion described by equation (17). There is 
a factor of two difference in the range of values. This is not 
surprising since 1t 1s known that the diffusion of phosphorus 1n 
26 
silicon is a complex process . The fact that in figure 8 the mea- 
sured values of junction depth for the bare silicon samples appear 
to extrapolate back to a positive value at t=0 supports this 
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-12  2 
assertion. A value for D« of 2.6 X 10  cm /sec was used 1n this 
work unless reported otherwise. 
Some checks can be performed to assess the validity of D. 
reported In Table X. One is to check equation (5). This requirement 
is not met for the samples used 1n the calculations. However, for 
o 
the 900 A samples, calculations show that the first term of equation 
(3) 1s still the most significant. Violation of equation (5) does 
not appear to have seriously affected the calculated value of D.. 
Two other quick checks can be made on the validity of the calculated 
Di- 
-12  2 The first is to use the assumed value of 2.6 X 10  cm /sec 
for D2 and the calculated value of D, to obtain a value of r from 
(lb). This value 1s 9.40 X 10 . This compares favorably with the 
value of 7.68 X 10  used to calculate Dj through equation (15). 
The second check is to use equation (16) to calculate D. by 
comparing the measured values of junction depth in bare silicon to 
-15  2 those with a SigN^ mask. Values of 6.1 X 10  cm /sec and 
-14  2 1.5 X 10  cm /sec are obtained for "ramp only" and 1 hour dif- 
-12  2 fusion times respectively. A D« value of 2.6 X 10  cm /sec was 
used in this calculation. If the measured values of D~ in Table X 
14  2 
are used 1n equation (15), values for D. of 1.2 X 10  cm /sec and 
-14  2 2.0 X 10  cm /sec are obtained. These values are in good agreement 
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with the Dj value in Table X. 
The diffusion coefficient of phosphorus reported here is 
approximately two orders of magnitude greater than the value for 
phosphorus found by Vaganova et. al. Since they gave no details 
about their methods, other than that they used a glass source, it 
is difficult to account for the great difference in values. On the 
other hand, the value found here of D, for phosphorus from a doped 
oxide source appears to be in the range of that found for phosphorus 
27 diffusion through SiOp. Ghezzo and Brown  in their summary of dif- 
fusion coefficients in S102 give a range of values for phosphorus 
from 3.0 X 10"15 cm2/sec to 7.6 X 10"13 cm2/sec. 
Franz and Langheinrich showed that the phosphorus glass pro- 
duced from SigN* in an oxidizing ambient is equivalent to the phos- 
phorus glass produced from S10« under the same conditions. Therefore, 
one would expect the masking effect to be a function of the rate at 
which the reaction takes place between Sl-N^ and P20g as well as 
the diffusion rate of P205 1n glass. If S102 and S13N4 inhibit 
phosphorus diffusion in a similar manner, then the diffusion rate 
would be the same in both cases. The results obtained here on the 
gaseous phosphorus predep and the doped oxide drive-in support the 
work done by Franz and Langheinrich. 
The boron doped oxide results show an order of magnitude range   ^\ 
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1n the diffusion coefficient depending on the method of calculation 
used. Equation (5) was not satisfied for the samples studied. A 
linear relationship between x-//~t~ and x //t~ was observed as 
predicted by theory, but the data was more scattered than in the 
case of gaseous boron and phosphorus doped oxide diffusions. 
The same checks made on the phosphorus D. value can be made 
14  2 for boron. From (lb), using values for boron of 2.1 X 10  cm /sec 
-12  2 for D. and of 2.3 X 10  cm /sec for D2, we obtain a value of 
0.096 for r. This compares favorably with the value of 0.1 that was 
-15  2 determined from figure 13. The D, value of 2.2 X 10  cm /sec 
yields an r value of 0.031 which does not compare well. 
Another check on D, can be made through equation (16) provided 
16  2 
m=l. Doing this yields values for D. of 3.7 X 10  cm /sec and 
-17  2 6.2 X 10  cm /sec for diffusion times of 30 min. and 4 hours 
respectively. These values differ by one to three orders of magni- 
tude from those found above. It is believed that (16) does not hold 
for the boron doped oxide situation. For (16) to be valid, the 
slope of the line for the SiJL should be the same as the slope of 
the line for bare silicon in figure 11. The slopes are seen to be 
considerably different. Note that in contrast the lines for phos- 
phorus in figure 8 are approximately parallel which is why (16) 
agreed with the calculations of D. for phosphorus. 
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Also given 1n Table XI are values for the diffusion coefficient 
of boron 1n silicon determined from measurements on the silicon con- 
trols by assuming a complementary error function diffusion as in 
(17). These values agree reasonably well with the value of 
2.3 X 10  cm2/sec used In this work. 
Comparing the doped oxide results of boron with those of phos- 
phorus, we see that the larger value of D. for boron is close to the 
D- value found for phosphorus. This appears to be inconsistent with 
the junction depth data in Figure 8 and Figure 11 where, for a given 
time, the junction depths under the Si3N, are much less for boron 
than for phosphorus, even though the depths are similar 1n the bare 
silicon samples. There is also a large difference in the values of 
the surface concentration C at the sil1con/S1,N. Interface. In the 
o s J * 
300 and 500 A S1,N, films, the values of C for phosphorus at times 
20       3 
up to 4 hours ranged from 2 to 4 X 10  atoms/cm . In the case of 
0 16     17       3 
the 500 A films for boron, C ranged from 10  to 10  atoms/cm 
for times up to 4 hours even though the surface concentrations at 
20       3 the S13N4 surface were similar - 5.1 X 10  atoms/cm for phos- 
phorus and 3.2 X 10  atoms/cm for boron. 
Part of the difference in surface concentration could be 
accounted for by a difference in segregation coefficient at the 
S13N4/silicon Interface. The segregation coefficient m for Si^ 
is not known and was assumed to be equal to one as a first approx- 
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1mat1on. However, 1f during the diffusion process the S1,N« 1s 
converted to a doped glass, then we would expect a value of m simi- 
lar to that for S102. For boron 1n SIO*. m 1s less than one; for 
phosphorus in SiO«, m is greater than one. If these values of m hold 
for SijN., then the concentration in the silicon at the SigN,/ 
silicon interface should be greater for phosphorus than for boron. 
o 
Perhaps more significant is the implication of the 900 A SUN. 
data for phosphorus. For drive-in times less than 1 hour, high 
values of sheet resistance were obtained. The junction depth data 
along with the sheet resistances yield values for C in the 10  to 
17      3 10  atoms/cm range, which are comparable to those obtained for 
boron. From this result It appears that the large differences ob- 
served in the silicon surface concentrations are more a function of 
the masking ability of the SigN, than of the possible difference in 
the segregation coefficient. 
Taking the silicon surface concentration data together with 
the junction depth data, it is felt that the diffusion coefficient 
of boron in SigN4 should be significantly less than that of phos- 
phorus in Si-jN^. This would indicate that Dj for boron should be 
less than 2.1 X 10"14 cm2/sec and more like the 2.2 X 10"15 cm2/sec 
value obtained from equation (15). Both these values are conslder- 
ably greater than those obtained by Vaganova et. al. . However, 
27 they are in the range of reported values  for boron in S10« of 
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2.6 X 10"16 cm2/sec to 5.1 X 10"14 cm2/sec. This would be expected 
if the diffusion process for a boron doped oxide in S1JI, is the 
same as the diffusion process in SiO«. 
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CONCLUSION 
This study has reported results on the diffusion coefficient 
of phosphorus and boron In Si-N.. Gaseous and doped oxide sources 
were used for both boron and phosphorus, and ion Implantation was 
studied in the case of phosphorus only. The diffusion coefficients 
found depended upon the source of the boron or phosphorus dopant. 
The diffusion coefficient of elemental phosphorus in SigN^ 
from an ion implanted source was at least 5 orders of magnitude less 
than the diffusion coefficient of phosphorus in silicon. It was also 
found that values from LSS theory of the projected range and pro- 
jected standard deviation of a phosphorus implant in Si^N* did not 
accurately predict the position of a 10 KeV implant in SiJL. 
The gaseous predeposition of phosphorus rapidly converted Si,N^ 
to a phosphorus glass. The amount of film converted was a function 
of the starting thickness. Films that withstood the predeposition 
step masked remarkably well against phosphorus during the dr1ve-1n 
operation, displaying a diffusion coefficient at least 6 orders of 
magnitude less than that 1n silicon. The drive-in behavior is con- 
trary to that found with phosphorus doped oxide sources. 
The film thicknesses studied for doped oxide sources displayed 
a limited ability to prevent boron or phosphorus from penetrating 
into the silicon. However, they did limit the amount of dopant 
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entering the silicon, particularly 1n the case of boron. A linear 
relationship between the silicon junction depth and ft   was observed 
for gaseous boron diffusions and for boron and phosphorus doped 
oxide diffusions over limited times and thicknesses. 
The diffusion process of boron and phosphorus in SigN, from 
doped oxide sources appeared to be similar to that in SiCL. In SK^* 
the rate limiting step is the diffusion of the impurity through the 
glass as opposed to the reaction rate of the conversion of Si02 to 
doped glass. The diffusion coefficients In SiJJ^ were comparable to 
those in S102 obtained previously by other workers using similar 
techniques. The diffusion coefficients involving the glass sources 
should be considered "effective" diffusion coefficients because they 
include the diffusion of the dopant through glass as well as the 
rate of conversion of S1gN, to glass. 
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APPENDIX 
The four point probe technique 1s commonly used to determine the 
sheet resistance of diffused layers". In this technique, four col- 
linear, equidistant spaced probes are placed on the surface of the 
silicon. A current is passed through the outermost probes and the 
voltage drop due to the current flow is measured between the middle 
two probes. The use of separate current and voltage probes eliminates 
problems due to probe-to-semiconductor contact resistance. To relate 
the measured voltage drop V and the current I to the sheet resistance 
/>s involves solving the electrostatic problem which takes into account 
the current spreading from the two outside probes. This has been 
23 done . The result for layers whose lateral dimensions are large 1n 
comparison to the spacing of the probes is 
a   - -2L_  V /°s ~ An 2  T 
A typical probe spacing is 1.27mm. If the diffused layer 1s on a 76mm 
diameter wafer, the above assumption is easily met. 
The depth of a p-n junction in silicon is usually measured by 
angle lapping and staining . In this technique, a shallow angle 
(.1° to 2°) is beveled through the surface of the sample by using a 
slurry of water and fine alumina powder. The junction x. 1s delineated 
by etching the beveled surface with a HF:HN03 (100:1) solution. This 
solution reacts selectively with the two sides of the junction and 
results 1n a color variation between the p and n side. A flat plate 
82 
and a monochromatic light source (usually a sodium vapor light) are 
used to superimpose an interference pattern on the beveled surface. 
The spacing of the interference fringes is related to the wavelength 
of the light source. One fringe of sodium is equal to 0.295 /urn. The 
junction depth is determined by counting the number of fringes from 
the surface to the junction. 
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